INTRODUCTION {#sec0001}
============

Graduated responsibility is the hallmark of modern-day surgical training. However, with increasing restrictions on work-hours, an increasing percentage of graduating residents lack adequate readiness for the work force.[@bib0001] Given the COVID-19 pandemic the number of residents participating in patient care has decreased at our institutions. Hand surgery volume has decreased with only emergent surgeries being performed. Given reduced number of cases and resident participation, alternative means of resident education and progress are essential during this time.

To track progress of clinical skills, the Milestone Project in plastic surgery was established between 2011 and 2014. Specifically, it was created "to define training outcomes and measure progress as a trainee progresses from novice to expert."[@bib0002] The levels are graded from 1 to 5.

One requirement for the level 3 milestone is the performance of routine procedures, such as the repair of hand fractures. Kirschner wire (K-wire) fixation of bones is a complex procedure, requiring the acquisition of 3D spatial skills as well as utilizing haptic and visual feedback to obtain a successful result. Given such complexities, achieving a level 3 skill level can be a challenge in training programs with a low volume of hand surgery. The opportunity to practice these skills independently and supplement clinical practice can be difficult to come by. It has been demonstrated that practicing prior to surgical interventions "enable\[s\] the trainee to maximize learning episodes and trainers more likely to delegate surgical training."[@bib0003]

Given limited simulation tools for hand fracture fixation and the absence of commercially available 3D hands that replicate the tactile feel of bone and soft tissue, we focused on developing an affordable and durable model for resident training. While previous reports have cited costs over \$100 per hand, we have achieved this under \$50 per hand.[@bib0004] With 3D printers becoming more affordable and ubiquitous at academic centers, it is our goal to share our knowledge and increase access to easy production of 3D-printed models for resident training. At the same time, it is our goal to make simulation available at home and outside of the hospital.

MODEL DESIGN {#sec0002}
============

Our 3D-printed hand model consists of 2 distinct parts: a 3D-printed set of bones and a silicone soft tissue envelope. The 3D-printed stereolithographic file is created from a computed tomography scan of a hand. To replicate haptic feedback into the model, the cortical surface and the medullary canal of the bones were made with variable fill patterns of the material, in our case Acrylonitrile Butadiene Styrene (ABS) ([Fig. 1](#fig0001){ref-type="fig"} ).FIGURE 1Shown are 3D-printed bones and a 3D-printed soft tissue mold.FIGURE 1

After printing, the bones are set into an ABS mold and covered with silicone. Transparent silicone is used for beginners and skin-colored silicone for advanced learners ([Figs. 2](#fig0002){ref-type="fig"} and [3](#fig0003){ref-type="fig"} ). Fracture patterns can be created at the time of practice or at time of printing. Bones can be individually printed and easily interchanged for repeat use ([Fig. 4](#fig0004){ref-type="fig"} ). Intrinsic properties of the silicone allow it to be used repeatedly without compromising soft tissue feel and creating damage from K-wires.FIGURE 2Beginner hand model complete with 3D-printed bones and transparent silicone soft tissue.FIGURE 2FIGURE 3Advanced skin-colored model (B) removes the handicap of direct visualization. Can be used with fluoroscopy if desired.FIGURE 3FIGURE 4Replaceable metacarpal bones with digitally designed fracture patterns (left).FIGURE 4

Our model is designed with a cost goal of under \$50. We have used materials specifically selected to replicate the tactile feedback of "bone" and "soft tissue envelope."

Our \<\$50 include the materials and manufacturing of a 1-time hand mold, silicone for soft tissue replication and ABS material for bones. Cost breakdown per hand is shown in [Table 1](#tbl0001){ref-type="table"} . The overhead, not included in the cost of the hand, includes 3D printing space, 3D printing machines and available personnel. Our laboratories at Yale University and Brown University have 3D printers and materials available at no cost to the user.TABLE 1Cost of Material for 1 HandTABLE 1Hand Mold[\*](#tb1fn1){ref-type="table-fn"}\$3/HandSilicone soft tissue\$11/handHand and wrist bones\$25/handTotal cost\$39/hand[^1]

MODEL BENEFIT {#sec0003}
=============

Our 3D-printed hand model allows trainees to practice basic and complex fracture fixation with a multitude of attempts, precise bony anatomy and haptic feedback. The nature of the silicone soft tissue allows the fingers to be naturally flexed and the hand positioning to be manipulated during use. The option to replace bones also gives our model the added benefit of allowing novices and experienced trainees to practice fixation of simple and complex fracture patterns.

The model is the size of an average human hand and is easily portable. Fractures can be fixed with operating room quality K-wire drivers or with a home power drill. Using the power drill reduces overall cost and allows trainees to practice fixation in their own home. Our model does not require fluoroscopy and avoids unnecessary radiation exposure to the trainee. However, if trainees wish to practice incorporating fluoroscopy feedback, the 3D-printed bones are radiopaque.

MODEL LIMITATIONS {#sec0004}
=================

Limitations of our model are the availability of a 3D printer, the price of overhead costs associated with purchase and maintenance of the printer, and the time for construction of the silicone mold. stereolithographic files can be easily shared across institutions. The printing time of hand bones can vary based on the quality of 3D printer available. However, once the soft tissue molds have been printed, pouring the silicone and placing the bones require no specific training. The other limitation is the upfront cost of the 3D printers and materials for the molds. However, in our experience, there are many facilities (including universities and local libraries) that hold workshops and allow community members access to 3D printers for a small fee.

Another limitation is the limited number of attempted fixations of the "bone." For example, our "bones" can be used to drill up to 6 to 8 different entry points, on metacarpal head radial and ulnar sides each, before the entry points coalesce into a large hole. We expect novice learners to require more attempts compared to advanced learners, and therefor require varying number of "bones" to complete an exercise. Our individual bones can be manufactured for \$2 and are exchangeable.

CURRICULUM INTEGRATION {#sec0005}
======================

With the COVID-19 pandemic we have begun integration of 3D-printed hand fracture fixation into our educational curriculum. Written instructions on fracture fixation have been created for residents in postgraduate years 1 to 4 and focus on visuospatial coordination, tactile feel of bony fixation, and proper use of the K-wire drivers. Zoom sessions have been utilized to facilitate interaction among trainees and provide real-time instruction. Trainees have expressed an extremely positive impact on their visuospatial orientation and tactile feedback with the use of 3D-printed hand for fracture fixation simulation. We will begin a formal program in evaluating improvements in basic fracture fixation skills.

CONCLUSIONS {#sec0006}
===========

A concerted effort to prepare plastic surgery residents for practice and enable them to meet all milestones as set forth by the Accreditation for Graduate Medical Education ACGME prior to graduation should be made during the COVID-19 pandemic. We believe that our 3D hand-printed model can assist trainees in the acquisition of tangible fracture fixation skills with the use of a low-cost 3D-printed hand.
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[^1]: Original hand mold has a one-time cost of \$300. It is durable and can withstand 100+ hand production. We have assumed 100 hand production for the purpose of accounting.
